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SUMMARY 

An expe r imen ta l   s tudy   o f   t he   r ad ia t ion   o f  sound  from  an i n l e t  as a f u n c t i o n  
of f law  ve loc i ty ,   f requency ,  duct mode s t r u c t u r e ,  and in le t   geometry   has   been  
conducted by us ing  a sp inn ing  mode s y n t h e s i z e r  to i n s u r e  a g iven  space-time 
s t r u c t u r e   i n s i d e   t h e  d u c t .  Measurements   of   the   radiat ion  pat tern  (ampli tude 
and  phase)  and  of  the pressure r e f l e c t i o n   c o e f f i c i e n t  have  been  obtained  over 
an  azimuthal wave number range  of 0 to 6 and a frequency  range up to 5000 Hz 
f o r  two d i f f e r e n t   i n l e t s ,  an unflanged duct  and a bellmouth. 

The r e s u l t s   o f   t h e   i n v e s t i g a t i o n   o f   t h e  radiated f i e l d   w i t h o u t   f l o w  and of 
the   p re s su re   r e f l ec t ion   coe f f i c i en t   fo r   t he   un f l anged   duc t   have   been   found  to 
be  most ly   in  good agreement  with  theory.  A comparison  between  the  unflanged 
duc t  and  bellmouth  measurements,   in  the case o f  no flaw,  has shown t h e   e f f e c t  
o f   t he   i n l e t   geomet ry   on   t he   r ad ia t ed   f i e ld  and  on  the pressure r e f l e c t i o n  
c o e f f i c i e n t .  The in f luence   o f   t he   i n l e t   con tour   appea red  to be very drastic 
near  the  cut-on  frequency  of a mode. A reasonable  agreement  has  been  found 
between  the measured pressure r e f l e c t i o n   c o e f f i c i e n t   f o r   t h e   b e l l m o u t h  and a 
t h e o r e t i c a l   p r e d i c t i o n  made f o r  a d u c t  terminat ing  with a h y p e r b o l o i d a l   i n l e t  
extending to i n f i n i t y .  

The s tudy of t h e   i n f l u e n c e  of f l o w  has  been  conducted by us ing   t he   be l l -  
mouth f o r  t w o  mean-flaw Mach numbers, 0.2 and 0.4. This   i nves t iga t ion   has  
shown tha t   t he   f l ow  has  a very weak e f f e c t   o n   t h e  amplitude o f   t h e   d i r e c t i v i t y  
f a c t o r  and s i g n i f i c a n t l y   s h i f t s   t h e   p h a s e   o f   t h e   d i r e c t i v i t y   f a c t o r .  A compar- 
ison  between  these  experimental  resu l t s  and some e x i s t i n g   t h e o r e t i c a l  predic- 
t i ons   has  shown poor  agreement. However, the  inf luence  of   the  f law  on  the modu- 
l u s  o f   t he   p re s su re   r e f l ec t ion   coe f f i c i en t   has   been   found  to be well desc r ibed  
by a t h e o r e t i c a l   p r e d i c t i o n .  

INTRODUCTION 

The no i se  radiated f r o m   t h e   i n l e t s   o f   a i r c r a f t   e n g i n e s   h a s  become an 
increas ingly   impor tan t  acoustic problem  with  the  progress  made in   reducing  j e t  
noise .  Various techniques to a l l e v i a t e   t h i s   n o i s e  problem, a f t e r  its genera- 
t ion,   have  included  the  development   of  acoustic l i n e r s ,   h i g h  Mach number i n l e t s ,  
and the  u s e  o f   i n l e t   geomet ry  to r e d i r e c t   t h e  sound.  This  study is d i r e c t e d  
towards e x p e r i m e n t a l l y   i n v e s t i g a t i n g   t h e   i n f l u e n c e   o f   t h e   i n l e t   g e o m e t r y  by 
comparing two s imple   i n l e t   shapes ,  an unflanged  duct and a bellmouth. N o  p rev i -  
o u s  t h e o r e t i c a l  or e x p e r i m e n t a l   i n v e s t i g a t i o n s   h a v e   s t u d i e d   t h i s   e f f e c t  of t h e  
contour   of  a f i n i t e   l e n g t h   i n l e t  on t h e  radiated f i e l d  as a func t ion   o f  modal 
s t ructure  and mean Mach number. Therefore   the   purpose   o f   th i s  work  is to demon- 
s t ra te   the   geometry- induced   e f fec ts  on t h e  reflected and r a d i a t e d   a c o u s t i c  
f i e l d s  of these   i n l e t   shapes .  The e f f e c t   o f   v a r i o u s  mean f l o w s   i n t o   t h e   b e l l -  
mouth i n l e t  on t h e  acoustic f i e l d  is shown. In   add i t ion ,  a s h o r t   d e s c r i p t i o n   o f  
t he   t heo ry   o f   ope ra t ion  and s imple acoustic f i e l d s   o f   t h e   s p i n n i n g  mode synthe- 
s i z e r  (SMS) i n c o r p o r a t e d   i n t o   t h e   f l a w  duct  f a c i l i t y  are included. 



I n  1970 Lans ing   and   o thers   ( re f .  1 ) proposed   an   exac t   so lu t ion  to t h e  
problem of t h e   r a d i a t i o n  from an unflanged d u c t  imnersed i n  a uniform flow. 
Candel ( ref ,  2)  and Homicz and Lordi (ref. 3)  have shown how to calculate t h e  
radiated field from a d u c t  imersed i n  a uniform flow i f   t h e  no-f low  solut ion 
is known. These s t u d i e s   h a v e  shown t h a t ,   i n   t h e  case of  f low  everywhere,   the 
r a d i a t i o n   p a t t e r n  was n o t   c h a n g e d   s i g n i f i c a n t l y   f o r  isolated propagat ing modes, 

Two t h e o r e t i c a l   i n v e s t i g a t i o n s ' h a v e   t r i e d  to compute or describe t h e  
e f f e c t   o f  an i n t e r n a l   f l o w  on t h e   r a d i a t i o n   p a t t e r n ,  a c o n d i t i o n  required to 
model s ta t ic  tests. ' I n  1975 Savkar   ( re f .  4)  inc luded   the   e f fec t   o f   mismatch  
be tween  the   f low  ins ide   the   duc t   and  no f low  ou t s ide  by us ing  a model wi th  
two uniform flow r e g i o n s .  The first one is a plug flow region which i n c l u d e s  
t h e   d u c t   i t s e l f  and its c o n t i n u a t i o n   o u t s i d e ,   a n d   t h e   s e c o n d   r e g i o n   c o n s i s t s  
of the   sur rounding  space. Although  good  agreement was found  in   re fe rence  4 
between h i s   p red ic t ion   and   t he   exp-e r imen ta l  work made by Crigler  and  Copeland 
( r e f .  S ) ,  t h i s  model appears to r e p r e s e n t   p o o r l y  a static test where the   f l ow 
v e l o c i t y   i n   t h e  acoustic far f ield is n e a r l y   z e r o ,   I n  1979 R i c e  and   o thers .  
(ref. 6 )  developed a d i f f e r e n t   t h e o r e t i c a l   a p p r o a c h  to t h e  same problem. They 
e x t e n d e d   t h e   . r e l a t i o n s h i p   w h i c h   e x i s t s   i n  a no-flow s i t u a t i o n ,   b e t w e e n   t h e  
angle   o f   inc idence  of t h e  wave w i t h i n   t h e  duc t  and t h e   a n g l e   o f   t h e  principal 
lobe o f   r a d i a t i o n ,  to t h e  case w i t h   f l o w .   T h i s   t h e o r e t i c a l   p r e d i c t i o n   h a s  
been compared with some experimental   works by  Heidmann and   o the r s  (ref. 7 ) .  
They concluded   tha t   the   d i screpancies   found  in   the   compar ison  were due to 
r e f r a c t i o n   e f f e c t s  a t  t h e  face of t h e   i n l e t .  None o f   t h e s e   t h e o r e t i c a l  works  
inc luded   the   e f fec t   o f   the   contour   o f   the   in le t ,   and   the   exper imenta l   measure-  
ments ,   taken  with  var ious  contour   inlets ,  are compared w i t h   t h e s e   p r e d i c t i o n s  
because. they are a v a i l a b l e .  

'Two inves t iga t ions ,   one   exper imenta l   and   one   theore t ica l ,   have   inc luded   the  
e f f e c t   o f   i n l e t   g e o m e t r y .  . I n  1977 Sloan   and   o thers  (ref. 8)  conducted  an  exper- 
i m e n t a l ' s t u d y   o f   t h e   e f f e c t   o f   d i f f e r e n . t   i n l e t s  which   provide   d i f fe ren t   f low 
c o n d i t i o n s   i n s i d e   t h e  duct .  One of t h e s e   i n l e t s  was des igned   such   tha t   . the  
e f f ec t   o f   f l ow  g rad ien t s   had  a small in f luence   on   t he  radiated f ie ld .   Another  
was designed to r e f r a c t   s t r o n g l y   t h e  acoustic wave away f rom  the   cen te r   l i ne   o f  
t h e   d u c t .  The las t  one was an  asymmetric combination  intended to redirect t h e  
sound.  These  authors  found a weak change   o f   t he   r ad ia t ion   pa t t e rn  when they  
inc reased   t he  mean t h r o a t  Mach number from 0 . 4  to 0 .8  for t h e   t h r e e   i n l e t s .  
They then  conducted  no-flow  measurements  by  using  an acoustic source which 
p rov ided   nea r ly   t he  same wave s t r u c t u r e   i n s i d e   t h e  duc t .  By comparing  the flow 
and  no- f low  measurements ,   they   concluded   tha t   the   e f fec t   o f   in le t   geometry  is 
much more impor t an t   t han   t he   e f f ec t   o f   t he   f l ow  on   t he  radiated f i e l d .   I n  1979 
Cho  (ref. 9)  found  the   exac t  solution to t h e  problem of radiation fran hyperbo- 
loidal i n l e t s .   I n   t h e   t h e o r e t i c a l   s t u d y   o f   r e f e r e n c e  9,. which does not   inc lude  
any flaw e f f e c t ,   t h e  walls of. t h e   i n l e t s  are assumed to be i n f i n i t e .  

A spinning mode synthes izer ,   which   provides  a known wave s t r u c t u r e   i n s i d e  
the-  duct  with  and  without flow, is used to i n v e s t i g a t e   t h e   r a d i a t e d  f i e l d  as  a 
funct ion  of   f requency,   azimuthal  wave number,  and  mean-flow Mach number, Two 
such facilities are known to be i n   o p e r a t i o n .  One,  which  has  been b u i l t  by t h e  
U n i v e r s i t y . o f  Compiegne and   Off ice   Nat iona l   d 'E tudes  e t  de Rechesches A&o- 
spatiales (0.N:E.R.A.) ( r e f .  l o ) ,  allows t h e   c h o i c e  of t h e  radial as well as az i -  
muthal'  wave number. .This   sp inning  mode synthes izer   has   been   used   recent ly  to 
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ver i fy   t he   convec t ion   e f f ec t   o f   t he   f l ow  on   t he   ax ia l   wave leng ths  (ref.  1 1 )  and 
also to measure   t he   i n f luence   o f   t he   ang le  of incidence of t h e  wave on   t he  
impedance  of  an  absorbent material ( r e f .   1 2 )  . The other  one,   which  has  been 
used  during  the  experimental  w o r k s  presented,  is described i n   t h e   f o l l o w i n g  
part  o f   t h i s  paper. 

The experimental  procedure  and  methods used to s t u d y   t h e   f i e l d   r a d i a t e d  
from an i n l e t  are d e s c r i b e d   f i r s t .   D e s c r i p t i o n s  of the   sp inning  m o d e  synthe- 
s i z e r ,  flow d u c t   f a c i l i t y ,  and var ious   acquis i ton   p rocedures  are included.  The 
e x p e r i m e n t a l   r e s u l t s   p r e s e n t e d   n e x t   i n c l u d e   t h e   r a d i a t i o n   p a t t e r n ,   a m p l i t u d e  
and   phase ,   and   t he   p re s su re   r e f l ec t ion   coe f f i c i en t .   F i r s t   t he   measu remen t s   fo r  
the   unf langed   duc t  are compared  with  the  theoret ical   computat ion  without  flow 
from  reference 4 .  Then the   s tudy   o f   t he   r ad ia t ion   f rom a bellmouth is pre- 
sen ted .  The e x p e r i m e n t a l   r e s u l t s  are compared with  those 05 the   unf langed  duc t  
and   re ference  9. F i n a l l y   t h e   i n f l u e n c e   o f   t h e   f l o w   o n   t h e   r a d i a t e d   f i e l d  is 
shown by  comparing  the  no-flow  measurements  and  the  results  obtained  for  two 
f low  cond i t ions  (mean Mach number e q u a l  to 0.2  and 0 .4 )  using  the  bel lmouth.  

SYMBOLS 

radius of d u c t ,  m 

spinning mode p r e s s u r e   c o e f f i c i e n t  

speed of sound, m/sec 

frequency , Hz 

C 
cutoff   f requency  of  mode, - xm i-, Hz 

2T a 

to t a l  wave number, w/c , m-’ 

a x i a l  wave  number o f   i n c i d e n t  or upstream wave, m-l 

a x i a l  wave  number o f   r e f l e c t e d  or downstream wave, m-l 

az imutha l   and   rad ia l  wave numbers, r e s p e c t i v e l y ;  (0,O) is p l a n e  wave 

mean-flow Mach number 

complex a c o u s t i c   p r e s s u r e ,  N/m2 

complex p r e s s u r e   r e f l e c t i o n   c o e f f i c i e n t  

minimization parameter 

a m p l i t u d e   o f   d i r e c t i v i t y   p a t t e r n ,  dB 

time, sec 



X axial  cylindrical  coordinate 

&wL difference  in  acoustic  radiated  power  between  bellmouth  and  unflanged 
inlet, dB (ref 1 0  pW) 

A h  phase  difference  between  reference  wall  microphone  and  other  micro- 
phones,  deg 

9 azimuthal  cylindrical  coordinate 

@ phase  of  acoustic  pressure  with  reference  to  phase  of  oscillator,  deg 

Xmn (n + 1)th  zero  of  derivative  of  Bessel  function  of  first  kind  and 
order  m 

JI polar  spherical  coordinate 

w angular  frequency,  2nf 

Abbreviation: 

SMS spinning  mode  synthesizer 

APPARATUS  AND  PROCEDURE 

Spinning  Mode  Synthesizer 

The  spinning  mode  synthesizer (SMS) is incorporated  into  the  flow  duct 
facility  of  the  Langley  Aircraft  Noise  Reduction  Laboratory.  The  purpose  of 
the SMS is to  provide  a  turbunachinery-type  noise  source  for  the  experimental 
investigation  of  the  propagation  of  noise  in  finite  length  ducts  and  of  the 
radiation  from  the  duct  to  the  environment  in  a  tightly  controlled  laboratory 
situation. 

Spinning  mode  generation.-  The  spinning  mode  synthesizer  incorporated  into 
the  flow  duct  facility  is  a  research  apparatus  designed  to  overcome  the  problems 
involved  in  static  testing  of  real  turbofan  engines or research  fans,  The SMS 
generates  arbitrary  combinations of acoustic  sound  patterns  at  a  specified  fre- 
quency  in  the  presence  of  airflow  in  a  0.3-meter  duct.  Specified  duct  modes  are 
generated  by  controlling  the  amplitude  and  phase  of  24  acoustic  drivers  equi- 
spaced  around  the  duct  wall  in  a  plane  perpendicular  to  the  duct  center  line. 
By  properly  adjusting  the  input  to  the  drivers,  individual  spinning  modes,  a 
combination  of  modes, or circumferential  standing  waves  may  be  generated  in  the 
duct.  The  acoustic  field  produced  by  the  array  of  drivers is monitored  by  an 
array of 48 wall-mounted  microphones  located  0.2  meter  upstream  of  the  drivers. 
At  these  microphone  locations  the  desired  acoustic  wall  pressures  (amplitude 
and  phase)  are  approximated  to  sane  arbitrary  degree  of  accuracy.  In  order  to 
attain  this  accuracy,  the  pressure  field  sensed  by  the 48 microphones  feeds  back 
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through a control computer optimization  algorithm to generate  correction  signals 
to  the  drivers, Thus, by an i terative process,  the  pressure  field a t  the micro- 
phone array converges to some specified  target  pressure a t  the monitoring array. 
Once the  target  pressure is attained,  the mode setup may  be stored by recording 
the  driver  settings  for  future  recall or t h e  steady-state  acoustic  field may  be 
left   intact   for experimental studies. 

Optimization method.-  The optimization  algorithm  referred  to i n  the  previ- 
ous section is a model  of a second-order differential  equation having 48 degrees 
of freedom. The degrees of  freedom are  the amplitude and phase control  exerted 
over each of the 24 acoustic  drivers. Thus the effect of each degree of  freedom 
must be taken into account i n  moving from  one system state  to  another? 

The progress towards attaining  the  desired system state  (desired  acoustic 
f ie ld   a t  the monitoring microphones) is measured by the “system error .” This  
error is defined as  the sum of the squared differences between the  desired com- 
plex  pressure and the measured  complex pressure a t  each monitoring microphone. 
Using the system error  as  the  optimization parameter, the  algorithm  consists of 
two parts. 

The first   step  consists of defining an  optimum direction i n  48 dimensional 
space to  mve  the  driver amplitudes so as  to minimize the system error most 
effectively. Th i s  step is accomplished by applying a small increment to  the 
real and then imaginary part of the  input of each acoustic  driver, The effect 
is then noted on the system error and the change i n  system error is then  stored 
as one  component  of a 48 dimensional vector. This routine is done for each com- 
ponent of each driver, and the  resultant  vector  defines  the optimum direction 
along which to move the  excitation  to achieve  the  desired  response. 

Having defined t h i s  direction  vector,  the second part of the  optimization 
algorithm consists of determining the optimum step along the  course of the 
direction vector that minimizes the system error. Since  the system behaves 
ideally  as a second-order equation,  the  step is optimized as a series of para- 
bolic approximations. Using the  current system state  as a starting  point, two 
additional  steps along the  previously determined direction  are taken,  noting 
the new system error each time. Plotting  the  step  size  as  the  abscissa and 
the system error  as  the  ordinate,  the system f i t s  a parabola through the three 
points and  computes the  point of minimum error and the  curvature. If  a good 
f i t  is not established,  the  step  size is varied u n t i l  three  points  are found 
that provide a good f i t ,  I n  t h i s  way the system error  function is minimized. 

I f  the system error is wi th in  the  allowable  error of the  target  acoustic 
field, the  optimization  routine  exits and the mode is set  up.  However, i f  the 
system error is not w i t h i n  an acceptable  error,  the  process  repeats. A new 
direction vector is established from the  current system state  and the  process 
continues  to convergence, 

Wave  number verification.- The  complex pressures recorded a t  the 48 wall- 
munted microphones of the SMS are decomposed into an azimuthal wave  number 



spectrum  at  the  end  of  the  optimization  process.  This  decomposition is a 
Fourier  type  of  expansion  of  the  spatial  pressure  distribution  into 

N 

U 

m=-N 

which  yields  a  sound  pressure  measurement  for  each  spinning  mode  order  (includ- 
ing  the  plane  wave)  up  to  a  maximum  of 24. The  information is available  imme- 
diately  upon  completion  of  the  optimization  process  and  on  request  thereafter. 
Therefore  the  time  stability  of  the  acoustic  field  may  also  be  checked. 

In addition  to  the  calculation  of  the  azimuthal  wave  number  spectrum,  a 
check on the  axial  wave  number  is  made. By assuming  that  only  the  desired  mode 
is propagating,  the  theoretical  axial  wavelength  over  the  axial  microphone  array 
is calculated  and  compared  with  the  measured  axial  wavelength. 

Figures 1 and 2 show  the  azimuthal  wave  number  content  and  the  comparison 
of  the  theoretical  and  measured  phase  for  a  spinning  order  of 1,  first  radial 
mode. (1,O) at  a  frequency  parameter  of 3 . 7 6  for  two  different  inlets  and  Mach 
numbers.  The  spectra  show  the  level  of  this  mode  to be more  than 1 9  dB without 
flow  and 13 dB with  flow  above  other  extraneous  modes  in  the  duct.  The  agree- 
ment  of  the  phase  variation  in  each  case  shows  that  the  desired  mode  dominates 
the  acoustic  field. 

Pressure  Reflection  Coefficient 

The  method  used to compute  the  pressure  reflection  coefficient is an  exten- 
sion  to  that  used  by  references 13,   14,  and 1 5  for  the  plane  wave  situation. 

The  method  used is a  least-squares  fit  to  the  complex  acoustic  pressure 
measured  at  nine  different  axial  wall  locations  inside  the  duct  at  the  same  azi- 
muthal  position.  The  principal  assumptions  are  that  only  one  mode  is  incident 
in  the  duct,  that  only  the  same  mode  is  reflected  by  the  open  end  of  the  duct, 
and  that  the  flow  is  uniform.  The  acoustic  pressure  inside  the  duct is charac- 
terized  by  an  incident  and  reflected  wave  (fig . 3)  of  the  form 
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where  pi  is  the  incident  wave,  and Pr is the  reflected  wave. By solving 
nine  complex  equations  in  two  complex  unknowns  in  a  least-squares  sense,  the 
residual  that is minimized is given  by 

where  p(xj)  is  the  complex  pressure  measured  at  point xj and * indicates 
a  complex  conjugate.  The  residual  is  minimized  with  respect  to  the  real  and 
imaginary  parts  of  the  incident  and  reflected  pressure  coefficients.  This 
minimization  results  in  a  complex  pressure  reflection  coefficient  which is then 
corrected  in  phase  to  a  reference  plane  at  the  beginning  of  the  constant  area 
section  of  the  inlet.  This  location  corresponds  to  the  end  of  the  unflanged 
duct  and  the  downstream  end  of  the  bellmouth  inlet  section, 

This  analysis  technique  has  been  compared  with  the  two-microphone  method 
used  in  reference 16 and  shown  to be in  very  good  agreement  for  spinning  modes 
of all  orders,  In  addition,  this  technique  avoids  the  problem  noted  by  Johnston 
and  others  (ref. 1 5 )  of  microphone  spacing  in  the  two-microphone  method.  For 
microphone  spacings  approaching  multiples of one-half  the  axial  wavelength,  the 
two-microphone  method  provides  erroneous  results.  However,  as  long  as  the  nine 
microphones  are  randomly  spaced  axially on the  duct,  the  least-squares  technique 
provides  more  reliable  results. 

Experimental  Facilities 

Flow  anechoic  chamber.-  The  inlet  duct  test  apparatus is mounted  in  the 
flow  duct  facility  of  the  Langley  Aircraft  Noise  Reduction  Laboratory  and 
extends  into  the  anechoic  chamber  shown  by  the  plan  view  in  figure 4 .  This 
anechoic  chamber  measures 9.15 meters  wide  by 6 .1  meters  deep  by 7 .16  meters 
high.  The  flow  facility is essentially  an  open-circuit  wind  tunnel,  The  flow 
circulation  in  the  facility  is  provided  by  a  centrifugal  blower  which  pulls  air 
through  a  0.3-meter-diameter  flow  duct  using  the  anechoic  chamber  as  a  plenum. 
Air  is  supplied  to  the  anechoic  chamber  through  a  large  supply  duct on the  rear 
wall. A photograph  of  the  bellmouth  inlet  mounted  in  the  anechoic  chamber  is 
shown  in  figure 5. This  flow  facility is operable  over  an  inlet  Mach  number 
range  of 0 to 0 . 5 .  

Flow  spinning  mode  synthesizer.-  This  device  consists  of 24 acoustic 
drivers  equispaced  circumferentially  at  one  axial  location  (fig. 6 ) .  The 
variation of the  amplitude  and  phase of the  signal  to  each  acoustic  driver is 
achieved  by  multiplying  orthogonal  sinusoidal  outputs  from  the  master  oscillator 
by  digital  gains  and  adding  the  results  together  to  form  an  oscillatory  signal 
of  specific  amplitude  and  phase  relative  to  the  oscillator  (fig. 7 ) .  In  this 
way,  each  driver  can  be  set  over  a  wide  range  of  amplitudes  with  arbitrary  phase 
and  remains  in  this  same  state  until  specifically  altered  by  the  computer. 



Test i n l e t s . -  Two d i f f e r e n t  duc t  c o n f i g u r a t i o n s  were used for t h e s e  tests. 
The unflanged  duct  shown i n   f i g u r e  8 and   the   be l lmouth   in le t   used  a connnon con- 
f i g u r a t i o n  up to where the  nine  microphones are mounted. Here t h e  0.46-meter 
unflanged d u c t  is rep laced   wi th  a 0.3-meter   hardwall   sect ion  and  the  bel lmouth 
i n l e t   ( f i g .  5 ) .  For t he   i nves t iga t ion   o f   t he   r ad ia t ion   f rom  the   be l lmou th ,  
aerodynamic  instrumentation is i n s t a l l e d   u p s t r e a m   o f   t h e  wall microphone sec- 
t i o n s .  Some a d d i t i o n a l  sections i n   b o t h  cases are used to p r o v i d e   t h e  same 
ove ra l l   l eng th ,   4 .35  meters, fo r   bo th   conf igu ra t ions   be tween   t he   acous t i c  
d r i v e r s  and t h e   f a c e   o f   t h e   i n l e t .   P h o t o g r a p h s   o f   t h e  two i n l e t s  are shown i n  
f i g u r e s  9 and   10 (a ) .  A side-cut view of the   be l lmouth  is g i v e n   i n   f i g u r e   1 0 ( b ) .  

Ins t rumenta t ion   and  Data Reduction 

A c o u s t i c  measurements.-  Nine 6.35-mm-diameter condenser  microphones are 
f l u s h  mounted  on  the wall of two s e c t i o n s  to provide  the  measurement  of  the 
pressure r e f l e c t i o n   c o e f f i c i e n t  and t h e   v e r i f i c a t i o n  of t h e  proper a x i a l   p h a s e  
v a r i a t i o n s  of the wave s t r u c t u r e .  

The measurement of far-field pressure is provided by a 1.27-cm-diameter 
condenser  microphone  mounted  on a t r a v e r s i n g  b o o m .  This  microphone is tra- 
v e r s e d   i n  a h o r i z o n t a l  arc a t  a 3 .05-meter   rad ius   f rom  the   cen ter   po in t  a t  
t h e  face of t h e   i n l e t   i n   b o t h  cases (unf langed   duc t   and   be l lmouth)   ( f ig .  4 ) .  
A motor allows a slow and  constant   speed  displacement   of   the   t ransducer .  

The acoustic d a t a   a c q u i s i t i o n   s y s t e m  is i l lus t ra ted  in  block-diagram 
form i n   f i g u r e  11 . A l l  of  the  microphone data, the  source  sect ion  microphones 
and t h e  test sect ion  microphones are analyzed  by  the same method. The 48 source 
sect ion  microphones are ceramic t r ansduce r s .  With t h e   a s s o c i a t e d   e l e c t r o n i c  
condi t ioning,   these  microphones  have a range  of  70 to 135 dB, and stored cali- 
b ra t ion   i n fo rma t ion  corrects f o r   v a r i a t i o n s   i n   s e n s i t i v i t y   w i t h   f r e q u e n c y .  The 
other  measurement  microphone  signals are condi t ioned  and  mult iplexed  together  
and the   ana log   s igna l  is f e d   i n t o   t h e  SMS m u l t i p l e x e r  board a long   w i th   t he  
source section  microphone outputs. From here,  a l l  microphone  s ignals  are 
treated i n  common. A programmable  gain  amplif ier   provides  a s i g n a l   s u i t a b l e   f o r  
d i g i t i z i n g ,  and a t r a c k i n g  f i l t e r  p rov ides  100-Hz bandwidth f i l t e r i n g   c e n t e r e d  
on t h e  osci.llator frequency.   This  is t h e  same oscillator used t o  provide   the  
pr imary   dr ive  to t h e  acoustic d r i v e r s  so t h a t  a l l  f i l t e r i n g   o p e r a t i o n s  are based 
on t h i s  master oscillator. This  operation e l i m i n a t e s  most of the   f low  noise   and  
provides  a h i g h   l e v e l ,   s t a b l e   s i g n a l  to  be d i g i t i z e d .  

 he d i g i t i z i n g  process is performed  using a 12-b i t   ana log- to-d ig i ta l   sys tem 
u t i l i z i n g  a t r i g g e r   f e a t u r e  to i n i t i a l i z e  data acqu i s i t i on   a lways  a t  t h e  same 
p o i n t   o n   t h e   r i s i n g   s i d e   o f   t h e  master oscillator i n p u t  to t h e   t r i g g e r .  The 
purpose   o f   th i s   t echnique  is t w f o l d .  First, a signal  enhancement  technique 
can  be employed to f i l t e r   t h e   u n c o r r e l a t e d   n o i s e   w i t h i n   t h e   p a s s b a n d   a n d  to 
average   ampl i tude   and   phase   var ia t ions .   Secondly ,   th i s   p rovides  a t r u e   r e f e r -  
ence  phase common to a l l  microphone  measurements by which  they may be compared. 

The f i n a l   s i g n a l   e n h a n c e d  data of 160 data po in t s   ove r   10  or more c y c l e s  
of t h e  oscillator s i g n a l  is f i t  i n  a least-squares sense  to a s i n e  wave of t h e  
d r iv ing   f r equency   and   a rb i t r a ry   ampl i tude   and   phase .   Th i s   cu rve   f i t t i ng  is an 
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additional  filtering process of extremely narrow  passband  and provides a reli-  
able f i n a l  measurement  of the amplitude and phase. 

The far-field micro&one data  are analyzed i n  exactly  the same  manner. 
However, since  the boan is swept continuously,  sane spatial  averaging is also 
involved. A mmputer-initiated command starts the far-field b o o m  to sweep  from 
-95O to 95O i n  arc  position.  Position feedback information ini t ia tes  an acqui- 
sition sequence fran the microphone typically every  degree of arc  rotation. 
Therefore each data  point  plotted is an average over approximately 1 second of 
time and 1 degree of rotation. A block diagram of the b o o m  control is shown i n  
figure 1 2. 

Aerodynamic  measurement.-  The  mean-flow Mach  number is measured by u s i n g  
four  static  pressure  taps spaced 900 circumferentially  at  the same axial  loca- 
tion  l. 02 meters downstream  of the inlet  face. These taps  are connected to  
one pressure  transducer. The taps  are scanned mechanically u s i n g  a 0 to  
51.7 kN/m2 transducer. Th i s  signal is conditioned and then digitized  directly. 
The four  pressures  are averaged, and by us ing  the  current  baranetric  pressure, 
the mean-flow Mach  number is calculated using standard compressible flow 
relations. 

RESULTS AND DISCUSSION 

The test  conditions of t h i s  experimental s tudy  are  presented  for  various 
azimuthal wave  numbers and frequencies  (table I ) .  Each acoustic  pressure  field 
had  been previously  set up by us ing  a foan wedge d u c t  termination  to  simulate 
an infinite  length  duct. Each  mode setup i s  characterized by specified  driver 
inputs  representing  driver amplitudes and phases, which are  stored i n  the corn 
plter. The excitation of the drivers remains constant whatever the  duct termi- 
nation and flow situation. T h i s  method  assumes that  the  effects of the  reflec- 
tion and f lw on the impedance  of the drivers  are  negligible. 

Sound Radiation Fran an Unflanged  Duct W i t h o u t  Flow 

The far-field  directivity and  complex reflection  coefficients  reported i n  
t h i s  section  are canpared w i t h  Savkar's  theory  (ref. 4 ) .  H i s  s tudy w i t h o u t  flow 
predicts the  amplitude and phase of the radiated  field and the complex reflec- 
tion  coefficient fran an unflanged circular  duct. 

Pressure  reflection  coefficient.- The pressure  reflection  coefficient is 
analyzed fran an axial  array of nine microphones by u s i n g  the method described 
previously. Data are  presented  for a l l  the cases shown i n  table I where only 
a single  radial mode is c u t  on. 

Figure 13(a) shows a comparison  of  measured  and theoretical  (ref. 4) 
reflection  coefficient moduli for modes ( O , O ) ,  ( l , O ) ,  (2 ,0) ,  (4 ,0 ) ,  and (6 ,O) .  
The oomparison is very good i n  the  plane wave case  for higher  values of reflec- 
tion  coefficient. However i n  t h i s  case and also  for  the higher  order modes, 
as the modulus 
reflected wave 

of the reflection  coefficient 
approaches that of extraneous 

decreases,  the magnitude of the 
modes i n  the duct .  T h i s  violates 

i 
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an assumption of the analysis and reduces the  confidence i n  both the amplitude- 
and phase data  at values of IRI less than about 0.1, depending upon the  isola- 
tion of the desired mode.  The theory for  the higher  order modes underpredicts 
the measurement by 0.2 or more near t h e  cut-on frequency of t h e  mode.  However 
the  trend is the same w i t h  the  theory and  measurement converging a t  higher 
values of ka above cut-on. 

The comparison of the phase of the pressure  reflection  coefficient is shown 
i n  figure 1 3  (b) . The data  again show the same trend  as  the  theory; however the 
measured values have a steeper  slope near the mode cut-on frequencies, .and the 
peak values are more than  150° higher  than those  predicted by Savkar. 

Radiated field.- Sane representative comparisons of measured  and theoret- 
ical  far-field  radiation  directivities  are shown i n  figures 1 4  (a)  to 1 4 ( f ) .  
These curves are  presented i n  terms of a directivity index, relative  to  the 
maximum against  polar  angle over a 40-dB range.  Figure 1 4  (a) shows the mea- 
sured and predicted  directivity of the radiated  field  for  the plane wave w i t h  
a frequency parameter of 3.76. The agreement is wi th in  0.5 dB from  -50° to 50° 
polar  radiation angle. 

The remaining data  presented  are  for  spinning modes. I n  figure  14(b)  are 
plotted the measured  and predicted  directivity of the  radiated  field  against 
polar  angle for mode ( 1 , O )  at  a frequency parameter of 2.03. The frequency 
ratio, defined  as the rat io  between the exciting frequency and the  cutoff  fre- 
quency  of a mode, is 1.11. The discrepancy is only 2.5 dB over a range of 30° 
centered about the principal  radiation  angle of  mode ( 1 , O ) .  However the poor 
canparison around the  center  line can be explained  as  follows. The spinning 
mode synthesizer has set  up a mode (1 , 0) w i t h  a level 20 d B  higher than.  the 
level of the  plane wave i n  the  duct, b u t  the  reflection  coefficient of the mode 
( 1 , O )  is much higher than the reflection  coefficient of the  plane wave a t  the 
same frequency. T h i s  reflection of energy of  mode ( 1 , O )  makes the  plane wave 
radiate from the  duct w i t h  a level  close  to  that of the f i r s t  spinning mode. 
A t  a frequency parameter of 5.29, the mode ( 1 , O )  has a much lower reflection 
coefficient and the agreement between the  predicted and  measured values is bet- 
ter  t h a n  1 d B  except  for  right on the  center  line  (fig. 1 4  (c) ). 

Representative examples for  the mode (2,O) a t  two different frequency 
ratios, 1.11 and 1.74, are  presented i n  figures 1 4  (d) and 1 4  (e). The  same 
trend  as  for  the  previous examples  can be observed. Finally  the measured  and 
predicted  directivity  patterns  are compared i n  figure 1 4 ( f )  for a higher mode 
(6,O) a t  a frequency ra t io  of 1.49. The agreement is wi th in  2 dB throughout 
the region dominated by the  principal  lobe of the mode ( 6 , O ) .  The plane wave 
again is dominating the  radiation  at the  center  line. 

TWO examples of the  variation of the phase plotted  against  the  polar  angle 
are presented. The f i r s t  one (fig.  15(a) 1 ,  for  the  plane wave a t  a frequency 
parameter of 1.39, shows  good agreement  between experiment and theory  except 
near the center  line. T h i s  phase variation is typical  for an even  mode.  The 
second  example (fig.  15(b)) concerns the phase variation of the mode ( 1 , O )  and 
a frequency parameter of 2.66 as a function of the  polar  angle. The agreement 
is also good.  The phase sh i f t  which separates  these two curves is due to dif-  
ferent phase references. 
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Sound Radia t ion  From a Bellmouth  Without Flow 

The results o f   t h e   e x p e r i m e n t a l   i n v e s t i g a t i o n  of t h e   r e f l e c t e d   f i e l d   f r o m  
a be l lmou th   i n l e t  ( f ig .  10) are compared wi th   the   exper imenta l  data of t h e  
unflanged duct  and also wi th  t h e   p r e s s u r e   r e f l e c t i o n   c o e f f i c i e n t s  predicted for 
a 57O h y p e r b o l o i d a l   i n l e t  (ref. 9 ) .  A l s o  a comparison of the  radiated f i e l d  is 
made w i t h   t h a t  of the   unf langed   duc t  to show the   i n f luence   o f  t he  i n l e t   g e a n e t r y  
on t h e   d i r e c t i v i t y   p a t t e r n .  

Pressure r e f l e c t i o n   c o e f f i c i e n t . -   F i g u r e   1 6 ( a )  shows t h e   v a r i a t i o n  of t h e  
modulus of t h e   p r e s s u r e   r e f l e c t i o n   c o e f f i c i e n t  for the   unf langed   duc t ,   fo r   the  
be l lmouth   in le t ,   and  from re fe rence  9. Data are shown f o r  modes ( O , O ) ,  ( l , O ) ,  
(2,0),  (4,O) , and  (6,O) . A comparison  of  the  experimental  data shows a mar ked 
reduct ion  of t h e   p r e s s u r e   r e f l e c t i o n   c o e f f i c i e n t   o f   t h e   b e l l m o u t h   o v e r   t h e  
unflanged duct .  Near the cut-on  frequency of each m o d e  t h i s  d i f f e r e n c e   v a r i e s  
from  0.25 to 0.4, b u t  converges   in   each  case as k a  i nc reases .  Thus t h e  
influence  of  geometry of a n   i n l e t  is more important  near  the  cut-on  frequency 
of a m o d e .  A comparison of Cho's  theory (ref.  9)   with  the  bel lmouth data 
shows a reasonable  agreement  even  near  cut-on,  where  the  theory  overpredicts 
by a b o u t  0.15. Th i s   d i f f e rence   aga in  decreases as t h e  frequency parameter is 
increased.  

The phase of t h e   r e f l e c t i o n   c o e f f i c i e n t  is p r e s e n t e d   i n   f i g u r e   1 6  (b) and 
shows the same comparisons as t h e  p rev ious   f i gu re .  The phase d e l a y  of t h e  bell- 
mouth i n c r e a s e s   o v e r   t h a t  of the   un f l anged   duc t ,   f o r  a l l  modes considered,  b u t  
t he   t r end  for b o t h   i n l e t s  is t h e  same. The comparison  of   the  theory (ref. 9)  
shows  reasonable  agreement  over  the  range of c o e f f i c i e n t s   t h a t   c o u l d  be mea- 
sured, bo th   in   t rend   and  absolute values .  The inc reased   d i sc repancy   no ted   fo r  
t h e  modulus  near  the mode cut-on  f requencies  does not  appear i n  t h e  comparison 
of  phase. 

Radiated field.-  Figure 1 7 ( a )  shows t h e  v a r i a t i o n  of the   sound  pressure  
l e v e l   d i r e c t i v i t y   o f  the  radiated f i e l d  w i t h  t h e  polar a n g l e   f o r   b o t h   i n l e t  
conf igura t ions .  The p lane  wave has  been set up w i t h  a frequency parameter of 
1.39. The l e v e l   s t a r t i n g  a t  an   absolu te   va lue   o f  the  angle  of 45O is higher  
for t h e  unflanged duc t  than   for   the   be l lmouth .   S tanding  waves due to t h e  ane- 
cho ic  chamber f a c i l i t y   i n d u c e   t h e   f l u c t u a t i o n   n o t e d .   F i g u r e   1 7 ( b )   p r e s e n t s  a 
p lane  wave with a frequency parameter of 3.76.  The two curves   c lose ly   ma tch  
wi th   t he   un f l anged   duc t   aga in   r ad ia t ing   h ighe r   l eve l s  to the s i d e l i n e s .  

Figures 17  (c) and 1 7  (d) show t h e  effect of in l e t   geomet ry  on t h e   r a d i a t i o n  
of  spinning modes. F igure   17 (c )  compares t h e   i n l e t s  for a m o d e  ( 1 , O )  and a fre- 
quency ratio o f   1 .44 ;   f i gu re   17 (d ) ,   t he  same m o d e  a t  a frequency ratio of 2.87. 
The s h i f t  of t he   angu la r   l oca t ion  of t h e   p r i n c i p a l  lobe of r a d i a t i o n  is almost 
20° for t h e  lower frequency case, the   be l lmouth   t ending  to move t h i s   l o c a t i o n  
closer to t h e   c e n t e r   l i n e   o f .  the duct.  

I n  order to show t h e  effect o f   i n l e t   g e o m e t r y   o n   t h e  radiated f i e l d  more 
c l ea r ly ,   t he   concep t   o f   t he   angu la r   l oca t ion  of the   p redominant   acous t ic  radia- 
t i o n  is in t roduced .   Th i s   r ep resen ta t ion  is i l l u s t r a t e d   i n   f i g u r e  18. An exam- 
ple of   the   var ia t ion   o f   the   sound  pressure   l eve l   aga ins t   the  polar ang le  is 
plotted. If t h e  maximums of t h e   c u r v e  are associated wi th  two va lues  of t h e  



angle,  one  on  each side o f   t h e   c e n t e r   l i n e  of t h e   d u c t  (J ,  = 0 ) ,  four ang le s  
c h a r a c t e r i z e  the va lue  of the   ampl i tude   equal  to  t h e  maximums minus 6 dB. These 

a n g l e s   s t a r t i n g   f r o m  -95O to 95O are Gin, Gax, $in, and Gax. Fran  an 
experimental   measurement   of   the   radiat ion  pat tern,  for a given mode and fre- 
quency, t hese   fou r   va lues   o f   t he   ang le  are der ived.  The v a r i a t i o n  of t h e s e  
angles   wi th   the   f requency  ra t io  is shown i n   f i g u r e s   1 9 ( a ) ,   1 9  (b) ,  and   19 (c )   fo r  
modes (1, 0 ) ,  (3 ,0) ,  and (6 ,0) ,   respec t ive ly .   These   curves  describe n o t   o n l y   t h e  

v a r i a t i o n  of the  width  of  a lobe (&ax - G i n ,   d a x  - d i n )  on  both sides of 
t h e   c e n t e r   l i n e   o f   t h e  duct but  also the  change of t h e   l o c a t i o n   o f   t h e   p r i n c i p a l  
r a d i a t i o n   f o r   o n e  mode when the   f r equency  ra t io  is inc reased .  As can be  seen  on 
these   cu rves ,   t he   w id th   o f   t he   p r inc ipa l  lobe of r a d i a t i o n  is s t rong ly   mod i f i ed  
by the  contour  of the bellmouth compared wi th   the   unf langed   duc t .   The   la rges t  
discrepancy occurs near  the  cut-on  frequency  of a mode a t  t h e  outer ang le s  

dax where   the   d i f fe rence   reaches  15O to  20°. Near t h e   c e n t e r   l i n e   b o t h   c u r v e s  
are similar. As t he   f r equency  ratio i n c r e a s e s ,   t h e  two curves  converge for t h e  
t h r e e  modes concerned. The f requency ra t io  where  this   convergence occurs 
depends upon the   az imutha l  wave  number.  The t h r e e   v a l u e s  of t h i s  ratio are 3, 
2, and  1.5 for modes ( l , O ) ,  (3,0),  and  (6,O) , respec t ive ly .   These   curves  also 
show for bo th   conf igu ra t ions   t ha t   t he   w id th  of t h e   p r i n c i p a l  lobe of r a d i a t i o n  
decreases as the   f requency   increases .  

F igu res   20 (a )  and 2 0 ( b )   p r e s e n t   t h e   d i r e c t i v i t y  of t h e  radiated f i e l d  
from the  bellmouth a t  d i f f e r e n t   f r e q u e n c y  parameters for modes ( I ,  0) and  (2.0), 
r e spec t ive ly .   These   f i gu res   demons t r a t e   t he   l oca t ion  of t h e   p r i n c i p a l  lo& of 
r a d i a t i o n   s h i f t s  closer to t h e   c e n t e r   l i n e  of the   duc t  when the  f requency 
(and  f/fmn) is increased.  

F igu re  21 ( a )  shows t h e   v a r i a t i o n   o f   t h e  phase o f   t h e   d i r e c t i v i t y   p a t t e r n  
w i t h   t h e  radiation a n g l e   f o r   b o t h   i n l e t   c o n f i g u r a t i o n s   f o r  a plane wave wi th  
a frequency parameter of  1.39. The phase   re fe rence  is t h e  same i n   b o t h  cases. 
The sh i f t   obse rved   can  be explained by t h e   f a c t   t h a t   t h e   p h a s e  of t h e  mode is  
modified by t h e   a c o u s t i c   t e r m i n a t i o n  at the  end  of  the  duct  which i s  d i f f e r e n t  
for each case a t  such a l o w  frequency. Note t h a t   t h e   t r e n d  of the  phase  remains 
similar around  the   cen ter   l ine   up  t o  an ang le   o f  35O where a l a r g e   d i f f e r e n c e  
occur s   and   i nc reases   w i th   t he   ang le   f r an   t he   cen te r   l i ne .   F igu re  21 (b) shows 
t h e   i n l e t  geometry effect on t h e   p h a s e   v a r i a t i o n  for an odd mode (1,O) a t  a 
frequency parameter of 2.66.  The t r e n d  of the curve   aga in  is modi f i ed   s t rong ly  
a t  angles   g rea te r   than  35O. 

A s h i e l d i n g   e f f e c t   c a n n o t  be used to e x p l a i n   e i t h e r   t h i s   e f f e c t  or t h a t  
noted  on  the amplitude d i r e c t i v i t y   s i n c e   t h e  pivot of the  boom is centered  under  
t h e   h i g h l i g h t  of b o t h   i n l e t s .  The prediction of t h e  amplitude d i r e c t i v i t y  may 
be p o s s i b l e  i f  the  change i n  duc t  radius, which occur s   a long   t he   l eng th  of the  
bellmouth, is t aken   i n to   accoun t .  The value of t h e   a p p r o p r i a t e  radius depends 
upon the space-time structure of  the wave, but the   va r i ab ion   o f   t he   f a r - f i e ld  
phase  cannot be e x p l a i n e d   w i t h   t h i s  effect. 

The data c u r v e s   d i s p l a y e d   i n   f i g u r e  22 r e p r e s e n t   t h e   v a r i a t i o n  of the d i f -  
f e rence   o f   the   rad ia ted  puwer between t h e  two c o n f i g u r a t i o n s  as a f u n c t i o n  of 
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the frequency parameter and  the  azimuthal wave number.  The m o s t  important d i f -  
fe rence   occurs   near  the cut-on  frequency  of a mode where the bellmouth radiates 
much more acoustic power than  the  unflanged  duct.  

I n f l u e n c e  of Flow on  Radia t ion  Fran a Bellmouth 

The e x p e r i m e n t a l   r e s u l t s  of t he   s tudy   o f   t he  radiated f i e l d  from a bell- 
mouth ( f ig .   10)  are p resen ted  for a n   i n t e r n a l   f l o w   s i t u a t i o n .  The range of 
f r equenc ie s  and  azimuthal wave numbers is g i v e n   i n  table I. The no-flow 
results are canpared w i t h   t h e   r e s u l t s   f o r  mean-flow Mach numbers of 0.2 and 
0.4 to  poin t  o u t   t h e  effect of  the flow on   t he   i nduc t  and radiated acoustic 
fields. The e f f e c t   o n   t h e   p r e s s u r e   r e f l e c t i o n   c o e f f i c i e n t  is also canpared 
wi th   an   express ion   deve loped   in   re fe rence   17 .  

P r e s s u r e   r e f l e c t i o n   c o e f f i c i . e n t . -  The effect of a n   i n l e t  Mach number of 
0.2  on  the  modulus  of  the pressure r e f l e c t i o n   c o e f f i c i e n t  for modes (1, o ) ,  
(2,O) , and  (4,O) is s h w n   i n   f i g u r e  23 (a).  The magnitudes of t h e   r e f l e c t i o n  
c o e f f i c i e n t s  are reduced 0.1 t o  0.3  near  the  cut-on  frequencies of each m o d e  
by t h i s  flow. Again  the effect diminishes  as k a  is increased   above   those  
va lues  a t  cut-on. The l i n e s  of th i s   f i gu re   connec t   t he   no - f lw   measu remen t s  

corrected by t he  factor (eMy-33 of re fe rence  1 7. T h i s   f a c t o r  corrects the 

no-flow data to w i t h i n  0.1 of the flow data near t h e  cut-on  frequencies,  and 
the corre la t ion   improves  as k a  is inc reased .  The r e f l e c t i o n   c o e f f i c i e n t  
data for higher  f low rates become more uncer ta in   because   o f   the   cont inua l  
decrease i n  magnitude of t h e  reflected wave, thus  v io l a t ing   t he   a s sumpt ions  
of the a n a l y s i s .  Thus  the data are no t  shown f o r  a Mach number of 0.4 or 
f o r  t h e  higher  mode numbers for which there e x i s t s   a n   i n c r e a s e d  number of 
extraneous modes to m a s k  t he   one   o f   i n t e re s t .  

Figure  23(b)  shows  the effect of t h e  flow a t  a Mach number of 0.2  on  the 
phase of t h e   r e f l e c t i o n   c o e f f   i c i e n t .  A s h i f t  or phase d e l a y  of 50° t o  90° is  
observed to be in t roduced   near  the cut-on  frequency of each mode, a l though   fo r  
t h e  mode ( I ,  0) t h e  flow and  no-flow  values  converge as k a  i s  increased .   This  
convergence is not  the case f o r   t h e  mode (2,0),  where  an 80° s h i f t  is e v i d e n t  
throughout the range  of ka  plotted. 

Radiated f i e l d . -   I n   f i g u r e  24 (a) is d i s p l a y e d   t h e   v a r i a t i o n  of t he   sound  
p r e s s u r e   d i r e c t i v i t y   w i t h   t h e   p o l a r   a n g l e   f o r   t h e   p l a n e  wave w i t h  a frequency 
parameter of  1.39. The curves  show the  no-flow case and  0.2  and  0.4 mean- 
flow Mach number cases with the maximums having  been  matched for comparison. 
The mall-scale spat ia l  va r i a t ions   no ted  for t h e s e  cases are due t o  s t a n d i n g  
waves i n   t h e  test f a c i l i t y .  A 5-dB d i sc repancy   occu r s  between t h e   n o - f l w  
cu rve   and   t he   f l ow  cu rves   fo r   ang le s   g rea t e r   t han  about 40°. The t w o  f l w  
curves are ident ical .   Changing  the Mach number from  0.2 t o  0.4 does not  m o d -  
i f y   t h e   r a d i a t i o n   p a t t e r n .  

Figures   24(b)   and  24(c)  s h o w  a comparison  between  no-flow  and  0.4  mean-flow 
Mach number measurements of t h e   d i r e c t i v i t y  of t h e  radiated f i e l d  for t h e  same 
azimuthal wave number (2,O)  and  the  frequency parameters of 3.37  and 4.4.  The 



Same comparison  between  no-flow and flow  measurements is presented i n  f ig-  
ure 24 (d) for a higher mode (4,O) and a frequency parameter of 5.81. The 
curves indicate  that  the flow does not modify the shape of the  radiation  pat- 
tern and, consequently,  the  location of the maximum  of the  radiation, whatever 
the frequency ratio is. Note that i n  figure 24 (d) the  small-scale  spatial 
variations  .that dominate a l l  these  spinning mode plots  are due to  small veloc- 
i t y  fluctuations inducing variations i n  the  structure of the  acoustic  field 
rather than the  standing waves noted a t  a low frequency. 

Two typical examples  which demonstrate the  effect of flaw on the phase 
of the  radiated  acoustic  field  are shown i n  figures  25(a) and 25(b). The 
f i rs t  example (fig.  25(a)) shows the variation of the phase for a plane wave 
at  a frequency parameter of 1.39. The three  curves  are  for  the no-flaw and 
two  mean-flow cases. The effect of the flow w i l l  certainly account .for a 
uniform s h i f t  of the f ar-field phase; however, the flow also  flattens  out 
the phase at  the  higher  angles to  that which was shown to  be typical of 
the unflanged duct. The phase measurements presented allow for maximum 
phase differences of 360°; t h u s  the phase for  the 0.4 mean-flaw Mach nun- 
ber case is really  shifted through more than  1 cycle. The second  example 
(fig.  25(b)) shows an odd  mode (1 , 0) a t  a frequency parameter of 2.03. The 
same  phenanenon is observed for t h i s  case; that  is, the flow flattens  the 
phase variation  at higher  angles and  makes it resemble the phase variation 
of  an  odd  mode radiated  fran an unflanged duct. 

Reference 8 predicts  that the effect of the flaw is to make the location 
of the principal  lobe of radiation  closer  to  the  center  line of the duct. Th i s  
effect is associated w i t h  the  decrease of the axial wavelength of the upstream 
traveling wave.  The comparison  between the no-flow  and flow measurements pre- 
sented i n  t h i s  section  indicates a poor  agreement wi th  this prediction. The 
examples presented  for modes (2,O) and (4,O) w i t h  a no-flow frequency rat io  
of 1 .ll show that t h e  location of the  principal lobe of radiation is not modi- 
fied by the flow. According to  the  theoretical  prediction, t h i s  angle  should 
s h i f t  2 5 O  toward the  center  line  for a Mach  number of 0 . 4 .  Even if  reflection 
effects  off  the  inlet  are considered, a noticeable s h i f t  should be detectable. 
The effect  of the flow on the  far-field  radiated phase also  indicates  that 
the flow effect is different from the  frequency effect  to which reference 8 
ascribes it. 

CONCLUDING REMARKS 

Experimental- results and theory  for t h e  directivity  pattern of  an unflanged 
duct w i t h  m flow have  been  found to be i n  good agreement. A comparison  between 
the  prediction of the  reflection  coefficient and the  experimental measurements 
indicates  that  the theory  underpredicts  the  value of t h i s  pressure  reflection 
coefficient. The discrepancy is greater near the cut-on frequency of a mode, 

A comparison of arbitrary  inlet shapes and unflanged or flanged  duct 
theories is not possible near the cut-on frequency of a mode.  The frequency 
ratio where t h i s  comparison becomes reasonable depends upon the space-time 
structure of the wave  and the contour of the  inlet. The  no-flow  measurements 
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with this b e l l m o u t h   i n d i c a t e   t h e   s i g n i f i c a n t  effects o f   i n l e t   geomet ry   on   t he  
r a d i a t i o n   p a t t e r n   a n d   o n   t h e   p r e s s u r e   r e f l e c t i o n   c o e f f i c i e n t   n e a r   t h e   c u t - o n  
frequency  of a mode, The unf langed   duc t   and   the   be l lmouth   rad ia t ion   pa t te rns  
tend to converge as  the  f requency ratio is inc reased .  A comparison  between 
t h e   p r e s s u r e   r e f l e c t i o n   c o e f f i c i e n t s  measured and t h e o r e t i c a l l y   p r e d i c t e d  for 
a 57O h y p e r b o l o i d a l   i n l e t  shows  good  agreement  with  the  bellmouth  inlet  data. 

The e f f e c t  of a uniform flow on t h e   r a d i a t i o n   p a t t e r n   u n d e r  static test 
condi t ions  has   been  found to be u n s a t i s f a c t o r i l y  described by e x i s t i n g   t h e o r y .  
The s tudy of t h e   e f f e c t   o f  a uniform  flow on t h e  sound radiated f rom  the  bell- 
mouth  shows t h a t ,  for s ing le   p ropaga t ing  modes, t h e   v a r i a t i o n  of the   ampl i tude  
of t h e   r a d i a t i o n   p a t t e r n   w i t h  the polar ang le  is not   modif ied.  The phase of 
t h e   r a d i a t i o n   p a t t e r n  is s h i f t e d  as t h e  Mach number is increased. 

The effect of a uniform flow o n   t h e   p r e s s u r e   r e f l e c t i o n   c o e f f i c i e n t  is well 
described by e x i s t i n g   t h e o r e t i c a l   p r e d i c t i o n s .  A comparison  between  no-flow  and 
flow measurements  for  the same i n l e t  shows t h a t   t h e  pressure r e f l e c t i o n  coeffi- 
c i e n t s  decrease as t h e  Mach number i n c r e a s e s .  

Langley  Research  Center 
National  Aeronautics  and Space Adminis t ra t ion 
Hampton, VA 23665 
J u l y  23, 1980 
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TABLE I.- LIST OF FREQUENCIES AND AZIMUTHAL WAVE NUMBER STUDIES 

Frequency, f, . 
Mode Frequency 

parameter,  ka 
Frequency ratio, f/f, 

Hz m n M = 0.4 M = 0.2 M = 0 

50 2 

00 3.76 0 0  1359 
00 00 W 2.79 0 - 0  1008 
00 00 W 1.39 0 0  

"" "" 

689 

1.57 1.47 1.44 2.66 0 1 96 0 
1.33 1.25 1.22 2.25 0 1 81 5 
1.20 1.12 1.10 2.03 0 1 734 
1.07 1.03 1.02 1.91 0 1 

1359 1 0 3.76  2.04 
2.87  5.29 0 1 1912 

2.22 2.08 

1143 2 0 3.16  1.04 1.06 1.13 
121 8 

1.89 1.77 1.74 5.29 2 0  1912 
1.58 1.47  1.45 4.40 2 0  1591 
1.35 1.26 1.24  3.76 2 0  1359 
1.33 1.25 1.23 3.73 2 0  1 348 
1.21 1.13 1 .ll 3.37 2 0  

1912 3 0  5.29 1.26 1.29 1.38 
251 6 3 0  6.96 1.66 1.69 1.81 
2820 3 0  7.80 "" 1.90 1.86 

1990 4 0  5.51 1.04 1.06 1.13 
21 22 4 0  5.81 1 .ll 1 .13 1.21 
2346 4 0 6.49 1.22 1.25 

"" 1.73 9.1 9 4 0  3322 
1.57 1.47 1.44 7.66 4 0  2768 
1.33 

2807 6 0  7.77 7.04 1.06 1.13 
2994 6 0  8.28 1 .ll 1.13 1.21 
3322 6 0  9.29 1.22 1 .25 1.33 
3907 6 0  10.81 1.44 1.47 1.57 
4027 1 .49 11.14 6 0  

"" "" 

"" 

"" "" 
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Figure 1 .- Source   s tructure   for  ( 1 , O )  mode in  unflanged  duct  with  frequency 
parameter of 3.76 and M = 0. 
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Figure 4.- Plan view of test f a c i l i t y .  



L-79-790 
Figure 5.- Photograph of anechoic chamber flow duct f a c i l i t y  of Langley  Aircraft 

Noise Reduction  Laboratory. 
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Figure 6.- Photograph of spinning mode synthes izer .  
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Figure 9 .- Unflanged-duct  inlet.  
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Figure 14.- Canparison  between  theory and experiment of sound pressure   leve l   var iat ion of radiated 
f ie ld   against   polar   angle .  
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-50 I I I I I I I I I I I 
-1 00 - 80 -60 -40 - 20 0 20 40 60 80 I00 

$ 9  deg 

(e )  Unflanged  duct; ka = 5.29; f/f,, = 1 .74;  mode (2,O). 

Figure 14.- Continued. 
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Figure 16.- Concluded. 
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Figure 23.- Concluded. 
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